Introduction

25
Transient boiling heat transfer is important to the safety of nuclear reactors.
Step inputs of reactivity in a nuclear reactor might 26 result in a power excursion in which the heat generation in the nuclear fuel rises exponentially with time q ′′′ (t) ∝ e t τ ⁄ . The 27 period of the exponential power excursion τ depends upon the size of the reactivity step. Large steps yield to periods that can be 28 as short as a few milliseconds. The heat generated within the fuel is transferred to the water coolant which then starts to boil.
29
The reactivity feedbacks caused by the heating (Doppler in the fuel and void in the coolant) represent an important mitigation 30 mechanism for such accidents. Depending on the magnitude and the delay of these feedbacks, a safe conclusion to the accident 31 is rapidly achieved or, in extreme cases, the fuel can melt, the molten material can be expulsed, fragmented and possibly lead to 32 ---dependent generation rate (Joule heating) as source term and the net heat flux to water as boundary condition at the boiling 48 surface.
49
High speed video (HSV) was used to identify ONB and visualize the boiling process [1, 5, 6, 8] . Piezoelectric hydrophones were 50 used to detect ONB in subcooled conditions [3] . X-ray absorption was used to measure void fractions in transient flow boiling 51 experiments [8] . In a transient pool boiling test it is typical to identify several characteristic features, i.e. the single-phase heat transfer regime, the 1 onset of nucleate boiling (or boiling inception), the fully developed nucleate boiling regime and ultimately the boiling crisis. A 2 brief summary of the previous work on and current understanding of each of these features is presented next. 3
Single-phase heat transfer
4
Transient non-boiling heat transfer is a well understood phenomenon. For short periods, typically smaller than 100 ms, the 5 temperature rise on the heater surface is too fast for natural convection to develop and contribute to heat transfer [1, 2, 3, 10] .
6
Conduction is the leading heat transfer mechanism. Thus, transient conduction equations can be solved to determine the 7 temperature on the heater surface and the temperature distribution in water. For longer periods, the temperature rise on the heater 8 surface is slow. Buoyancy forces set the fluid in motion and natural convection supersedes pure conduction [3] . 9
Onset of nucleate boiling
10
There is general agreement that the transient ONB superheat decreases with decreasing subcooling and increasing pressure, as 11 implied by the steady boiling inception criteria, i.e. the Hsu's model [11] . Transient effects are also qualitatively clear. ONB
12
superheat and heat flux decrease as the exponential period is increased. However ONB data reported in the literature are often 13 very scattered and are not free from discrepancies, as explained next.
14 Rosenthal [1] was the first to identify the ONB conditions using a high-speed camera synchronized with measurements of 15 voltage and current through a ribbon heater. Accordingly, the ONB detected through HSV coincides with a maximum of the 16 heater temperature, which was called overshoot (OV). Rosenthal observed a significant rise in the boiling inception temperature 17 with respect to the steady heat transfer tests, however, for saturation condition, no major differences were observed with respect 18 to steady boiling and surprisingly the superheat was found to be negligible small for periods larger than 70 ms.
19
Later, Hall and Harrison [2] investigated boiling inception conditions for very short periods (<5 ms). Based on the observation of 20 Rosenthal , they assumed that boiling inception coincides with the overshoot. To predict the ONB superheat, they tried to apply 21 the model proposed by Hsu [11] combined with the transient conduction temperature profile. However, the measured incipient 22 boiling superheats were much higher (~30 K) than the predicted values.
23
The first to point out the difference between boiling inception and overshoot was likely Johnson [8] , who used HSV to image the 24 boiling surface and X-ray absorption to measure the void fraction. According to Johnson, boiling inception occurs at the 25 intersection between the transient non-boiling heat transfer curve and the steady-state fully developed nucleate boiling curve.
26
In 1977, Sakurai and Shiotsu [3] identified boiling inception conditions at ambient pressure and various subcoolings (25 to 75 K) 27 through a piezoelectric hydrophone synchronized with the measurement of the heater temperature (through the heater resistance).
28
They showed that ONB temperatures are significantly lower than overshoot temperatures, and can be predicted with models 29 developed from the formulations of Hsu [11] and Rohsenow [12] . Tuning of the largest unflooded cavity size was however 30 required to fit the experimental data for each subcooling explored.
31
In 2000, Sakurai et al. [5, 6] measured the boiling inception superheat for saturation conditions at ambient pressure using HSV
32
(200 fps). In doing so, they discussed the difference between highly wetting fluids and water, both pre-pressurized to flood the 33 cavities, and non-pre-pressurized. In particular, they argued that even for non-pre-pressurized water, for very short period, 34 boiling inception could be triggered by heterogeneous spontaneous nucleation instead of nucleation in active unflooded cavities.
35
Contrary to Rosenthal, they showed that the onset of nucleate boiling temperature can be significantly higher than in steady 36 boiling also for saturation conditions and relatively long periods. Surprisingly, the ONB superheats for saturation conditions 37 reported in this work are higher than superheats previously measured by the same author for subcooled conditions [3] . 38
From ONB to critical heat flux
39
Rosenthal [1] reported that after ONB the number of bubbles on the surface grows rapidly. These bubbles re-condense and the 40 inrush of cold liquid cools down the surface and hinders further nucleation, until boiling restarts in a fashion similar to steady boiling. For relatively long period (larger than 15 ms), the behavior of the system was not appreciably different than steady 42 boiling and thus critical heat flux conditions were not influenced by the power excursion period.
43
A similar description of the transition between non-boiling regime and boiling crisis was reported by Johnson [8] . 
46
Based on the observation of temperature fluctuations after ONB, Hall and Harrison [2] speculated that even at very short periods (< 5 ms) the transition from single-phase heat transfer to the boiling crisis was not instantaneous but was preceded by nucleation 48 of individual bubbles. During this phase the heat flux could exceed the critical heat flux for steady conditions by an order of 49 magnitude. A similar behavior was also observed through HSV by Tachibana et al. [13] for linear power excursions.
50
Sakurai and Shiotsu [3, 4] confirmed the presence of a large temperature overshoot after boiling inception and postulated the 51 existence of two different boiling processes. The overshoot was explained as the result of the time leg of activation of small 52 cavities and initially flooded cavities for the increasing rate of heat flux [4] . In the quasi-static boiling process (i.e. for relatively 53 long periods), fully developed nucleate boiling is attained shortly after the temperature overshoot. In the rapid boiling process, 54 when the power excursion period is very short, the critical heat flux condition is instead reached before potential active cavities 55 are fully activated. Contrary to Rosenthal, CHF was observed to vary as a function of power excursion period and pressure.
56
Sakurai found that, for subcooled conditions, CHF increases as the pressure increases and the period decreases, also for relatively 57 long periods (> 5ms) [6] . For saturation conditions the trend is more complicated. Depending on the pressure, the critical heat 58 flux could increase, then decrease and finally increase again as the power excursion period decreases [5, 6] . In particular, at short 59 power excursion periods, when boiling is triggered by heterogeneous spontaneous nucleation (HSN), the transition from ONB to 60 CHF is rapid even for non-pre-pressurized water. Similar trends were observed by Kataoka et al. [9] in transient tests with forced 61 convection and by Park et al. [7] .
62
Although the previous experimental databases form a highly valuable source of information, it must be remarked that sometimes 63 the conclusions of the different authors are quantitatively and qualitatively in disagreement with each other. This is likely due to 64 differences in experimental setups and also limitations in the accuracy of diagnostics available in those experiments. In order to clarify these discrepancies and shed light on the mechanisms of transient boiling heat transfer, this paper and its companion paper 66 [14] present the results of a new experimental program devoted to the study of exponential power excursion in both pool boiling 67 and flow boiling conditions, respectively. In this paper, periods in the range from 5 ms to 100 ms and bulk temperatures from 
72
The custom designed and built experimental setup used in this study is sketched in Figure 1 . It consists of a stainless steel boiling 
High-speed data acquisition system (HDAS)
109
An Agilent U2542A USB modular high speed data acquisition system (HDAS) was adopted to acquire trigger signal, camera 
where A h is the active area of the ITO film. wavelength range) from the ITO heater surface, which was reflected through a gold coated mirror (see Figure 1 ). The mirror 124 reflectivity is more than 0.99, which ensures the purity of the IR signal after reflection. The camera sensor detects the IR 125 radiation intensity and outputs the signal as counts. Radiation counts depend on the temperature of the boiling surface (ITO film).
126
However, due to the slightly emitting nature of the sapphire substrate between 4.0 and 5.0 microns, the signal emitted by the ITO 127 is partially "contaminated" by the emission of the substrate. Therefore, to achieve an accurate estimate of wall temperature and solution of this coupled radiation-conduction inverse problem. Then, since the ITO film has negligible thermal resistance and 132 thermal capacity, the local heat flux to water was calculated as
It must be emphasized that accurate synchronization of the camera input, voltage and current signals was essential to estimate 
Analysis of experimental results
157
Transient pool boiling tests were conducted at atmospheric pressure. Six periods were tested: 5, 10, 20, 50, 70 and 100 ms. The 158 effect of subcooling was also investigated by running tests at saturation condition (0 K), low subcooling (25 K) and very high 159 subcooling (75 K). Each test condition was run several times (three to five times) to check the repeatability of the measurements.
160
All these tests were run with the same heater in order to eliminate the uncertainty associated with the distribution and the size of 161 cavities available on the boiling surface. 
165
In single phase heat transfer, the system can be modeled as a one-dimensional conduction heat transfer problem due to the large 166 aspect ratio between lateral scales (1cm x 1cm) and thickness (1 mm) of the heating area (see Figure 5) . 
The asymptotic solution of the conduction problem (for t ≫ τ, in general 3τ is large enough) can be obtained with 
and the ratio of thermal power transferred to water is
This term does not depend on time, but only on physical properties and power excursion period. The temperature dependence of 177 the term is shown in Figure 6 for periods from 5 to 100 ms. It can be seen that due to the high thermal diffusivity of sapphire, 178 only a small fraction of the heat released by the ITO coating is transferred to water. The term R hw depends very slightly on 179 temperature (less than 1% of change from room to saturation temperature). It increases as the power excursion period increase.
180
However, when the diffusion length scale √a s τ is small compared to the substrate thickness L s (and so Fo s is very small), e.g.
181
for cases at 5 and 10 ms, the substrate acts like an infinite heat sink and the period has little or no effect on R hw , which then 
A comparison between measured and analytic temperature rise for highly subcooled tests is shown in Figure 7 
Usually, at short periods the total uncertainty is dominated by temporal uncertainty while at long periods by repeatability 207 uncertainty. The ONB heat flux and corresponding uncertainty are calculated using the same procedure as the ONB temperature.
208
In Figure 9 (left), ONB heat fluxes as functions of the period are shown for tests with 0 K, 25 K and 75 K of subcooling (error 209 bars shown in this figure and in the following figures correspond to ± e tot ). We observe that for the same period the higher is the subcooling, the higher is the heat flux required to start boiling. In Figure 9 
247
[17] for a uniformly superheated medium. The duration of the inertia-controlled phase (t + = 1) is given by
and the corresponding bubble radius is
where
The bubble radii at the end of the inertia-controlled phase estimated from Eq. (24) are plotted in Figure 12 phenomenon can lead to a decrease of the average boiling surface temperature (see Sections 3.4 and 3.5), which is known as 267 overshoot (OV). At short periods, e.g. 5 ms, since the rates of heat generation and temperature rise at ONB are higher than at 100 268 ms (see Figure 11 ), more nucleation sites are activated within a short time (see video 0K_5ms). Several big bubbles crowd the 269 heating surface and tend to merge with each other before they can reach the departure diameter, creating a large vapor cushion 270 above the heater. As a result, the rewetting of the surface is inhibited and the surface temperature increases rapidly due to the 271 formation of big dry spots below each bubble (0.0328s in video 0K_5ms). Under these circumstances, boiling proceeds from
272
ONB almost instantaneously to CHF.
273
At subcooled conditions, except for 25 K subcooling and 100 ms, the estimated bubble radii are larger than the superheated layer 274 thickness (see Figure 12 ). In particular, in highly subcooled conditions, e.g. 75 K, the thickness of the superheated layer at ONB 275 is very small compared to the size of the bubbles at the end of the inertia-controlled phase. Thus, after the inertia-controlled 276 phase, bubbles contract rapidly due to the condensation of the vapor in contact with subcooled liquid (see video 75K_5ms and 277 video 75K_100ms). The rates of heat generation and temperature rise at ONB are much higher than in saturation conditions (see Figure 11 ) and thus a huge number of cavities is rapidly activated. Therefore, shortly after ONB, the boiling surface is 
285
At low subcooled conditions, e.g. 25 K, except for 100 ms case, the thickness of the superheated layer at ONB is still smaller 286 than the size of the bubbles at the end of the inertia-controlled phase (see Figure 12 ). In addition, the rates of heat generation and 287 temperature rise at ONB are still much higher than the ones at saturation condition, although smaller than those at 75 K of 288 subcooling (see Figure 11 ). At these conditions, bubbles still experience the phases of inertia-controlled growth, condensation 289 and cycles of oscillation as bubbles at 75 K of subcooling (see video 25K_5ms and video 25K_100ms). However, due to the 290 smaller subcooling and thicker superheated layer at ONB, the size of bubbles is larger than the ones at 75 K subcooling and a 291 small number of cavities is activated. As a result, the boiling mechanism is less effective than at 75 K subcooling, although still 292 more effective than saturation condition. 
300
Five features are identified with dots of varying color.
301
Before ONB the boiling curve closely follows single-phase transient conduction. While heat flux to water and wall superheat 302 keep increasing (and so does the superheated layer (SHL) thickness in water), at a certain moment ONB occurs (green dot).
303
Several small standalone bubbles can be seen on the HSV image, but it barely shows any change in the IR image since boiling is 304 still highly localized (0.0376 s in video 75K_5ms and Figure 14 [there is no 0.0376s pic in figure 14] ). 
309
We can clearly see many bubbles and their temperature footprints on the HSV and IR images (0.0380 s in video 75K_5ms and Figure 14) . It is emphasized that at saturation conditions the OBD is achieved by bubble departure and surface rewetting (around 311 0.4004 s in video 0K_100ms and Figure 15 ), while at subcooled condition OBD depends on the rapid activation of nucleation 312 sites.
313
After OBD, boiling becomes more and more vigorous. The heat flux to water increases sharply while the heat flux to substrate 314 decreases significantly. Such conjugate heat transfer among water, substrate and power input causes the wall temperature to drop; 315 this is the overshoot (OV) point (magenta dot in Figure 13 , 0.0384 s in video 75K_5ms and Figure 14) .
316
After the OV, the wall superheat keeps decreasing due to the cooling effect of vigorous boiling. However, heat flux to water still 317 increases sharply. This rapid process reaches an end when the SHL is fully depleted (cyan dot in Figure 13 ). After that, boiling is 318
suppressed. The HSV image shows that bubbles condense and become smaller, while the IR image reveals a lower surface 319 temperature (0.0388 s in video 75K_5ms and Figure 14) .
320
Finally, when the exponential increase of power input catches up with the energy consumption of the system, heat flux to water 321 and to substrate reach a new balance. The boiling curve progresses towards FDNB (red dot in Figure 13 , 0.0392 s in video 322 75K_5ms and Figure 14) which is predicted reasonably well by the Rohsenow correlation [19] with C sf =0.0135. 
378
The main findings are as follows:
 The measured single phase heat transfer coefficient, before boiling inception, is inversely proportional to the square root of the period. Moreover, the heat flux to water, the wall temperature rise and the heat transfer coefficient can be where z c is the distance between the ITO boundary and the center of the adjacent cell, and k s (T ito ) is the sapphire thermal conductivity at the ITO temperature. 
434
The radiation measured by the IR camera includes the radiation emitted by the ITO coating, the radiation emitted by the sapphire 435 substrate and the reflection of the background radiation, as sketched in Figure 20 .
436
The radiation model is inspired by the radiation model proposed in the work of Kim et al. [20] . However, the present model is 437 not based on average energy radiance, but spectral photon radiation. This is necessary because sapphire has a highly variable 
Since ITO is thick enough to be opaque and thin enough to neglect temperature gradient across its thickness, the spectral photon 
Reflections of the background radiation
Part of the signal reaching the IR camera is due to reflection of the background emission at the ITO/substrate and substrate/air 468 interfaces. The atmosphere emits like a blackbody, and the spectral photon flux reflected by the heater (see Figure 24) where the transmission efficiency of the optical setup τ os (mirror and lens) is also accounted for.
477
Camera model phenomenon creates a voltage difference proportional to the photon flux, which is the signal measured as photon counts, R. The quantum efficiency of the sensor, QE, which is determined by the photon/electron conversion efficiency (internal quantum 482 efficiency), as well as reflection on the surface of the sensor (external quantum efficiency), must be also taken into account.
483
To convert camera counts to photons, the contribution of the noise must be cancelled. This is given by empty well counts nc ew 
490
The flow chart of the coupled conduction/radiation model is shown in Figure 25 . At a given time step, the local distribution of 491 photon counts R from the IR camera is obtained. 
If the difference of photon counts |R * − R | is less than a prescribed tolerable error, as explained below, the guessed temperature 
499
It should be noted that verification of the conduction/radiation coupling is required before every experimental campaign (every 500 heater and optical setup). Fine tuning of the product τ os QE is also necessary to reduce the error on the measured photons flux.
501
BC for 3D conduction
NO YES
Initial condition for step t+1
R(x, y, t)
3D Conduction in the substrate T * (x, y, z, t) Counts R * (x, y, t) |R * − R | < ? adjust T ito * (x, y, t)
T(x, y, z, t) guess T ito * (x, y, t) This is normally achieved by in-situ steady-state calibration (with uniform temperature within the heater), to be run before every 502 experimental campaign (see Figure 26) . Optimal values of the τ os QE product are usually between 0.7 and 0.9, where we assume 
507
The radiation model curve in Figure 26 can be approximated with a polynomial P cal (T) that can be used as "steady-state" 
We consider that the model has converged in a time step when the maximum local temperature adjustment is smaller than 10 
Using this method, the convergence of the conduction/radiation model is normally achieved in less than 5 internal iterations. 
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Nomenclature
